In this article, we investigate the emergence of topological phase transition in XMR material YSb as a function of hydrostatic pressure using first principle calculations. At ambient pressure, YSb is found to be topologically trivial semi-metal, while it undergoes a topological phase transition with band inversion at X point without breaking any symmetry under hydrostatic pressure of ∽12 GPa. With further increase in pressure, YSb again becomes topologically trivial with even number of band inversions at Γ as well as at X point under a hydrostatic pressure of ∽23 GPa, which is reported as the transition pressure for its structural phase transition in previous experimental reports. The findings provide a promising platform for experimental realization of topological phase in YSb and may also help experimentalists to understand the relationship between topological properties and XMR effect.
I. INTRODUCTION
Topological insulators (TI) are of supreme interest to the scientific community in recent years because of having great potential for applications in quantum computing and spintronics [1] [2] [3] [4] . With protection by time-reversal symmetry, topological insulators possess intriguing physical properties like gapless surface states and unconventional spin texture with forbidden electrons backscattering [1, 2, [5] [6] [7] . More interestingly, Topological phases of matter made an important breakthrough in physics theory, as not being characterized by symmetry breaking process like the one in conventional phase transitions given by Landau [8, 9] . Recently, the research on nontrivial band topology has been extended to three dimensional semi-metals [10] [11] [12] which could establish many phenomena such as quantum magnetoresistance [13] , chiral anomaly [14, 15] , and Weyl fermion quantum transport [16] [17] [18] . Theoretical and experimental reports on topological semi-metals (TSM) have shown the existence of mainly three types of TSMs, i.e., Weyl [11, [19] [20] [21] [22] [23] [24] [25] , Dirac [26] [27] [28] [29] [30] [31] [32] [33] , and nodal line semi-metals [34] [35] [36] [37] [38] . The study of TSMs is becoming the emerging stars in nontrivial topological materials as these can be transformed into one another by breaking one or more set of symmetries. For example, by breaking space inversion or time reversal symmetry, a Dirac semimetal may be transformed into a Weyl semimetal by splitting a Dirac point into a pair of Weyl nodes [39] [40] [41] [42] .
More recently, extremely large magnetoresistance (XMR) materials like WTe 2 [43] [44] [45] , Bi 2 Te 3 [46] , PtSn 4 [47] , LaBi [48] , etc. has attracted greater attention to study exotic topological properties [38, [49] [50] [51] . In many recent reports, XMR effect is greatly pronounced in rare-earth monopnictide compounds [48, [52] [53] [54] 56] in which YSb is a special semi-metal having lack of topological protection and perfect electron and hole compensation [57, 58] . It is well known that the strength of spin-orbit coupling in a material can be increased via chemical doping or alloying composition or applying pressure or strain [59] [60] [61] [62] [63] [64] [65] , which may originate topological quantum phase transition (TQPT) in the material. However, external pressure is a powerful tool to tune the electronic properties which can be easily realized in experiments and will not affect the charge compensation in a material unlike chemical doping; also prevents the problem of unwanted defects. Several reports have been published on the study of pressure induced phase transition in rocksalt chalcogenides [66] , Pb 1−x Sn x Se [67] , CdGeSb 2 and CdSnSb 2 [68] , layered GaS and GaSe [69] , and many more [70] [71] [72] [73] . Meanwhile, a recent report on LaSb by P.J.Guo et al. have discussed the relationship of non-trivial topology with the XMR effect under hydrostatic pressure [73] . Since, YSb is isostructural and topologically trivial, similar to that of LaSb; it motivated us to investigate the effect of pressure on the topological properties of YSb which may help experimentalists in understanding the role of topology in XMR effect.
In this article, we have investigated the electronic structure properties of XMR material YSb under hydrostatic pressure using first principle calculations. It is found that YSb undergoes a topological phase transition without breaking any symmetry under a pressure of ∽12 GPa with band inversion at X point. With further increase in pressure, YSb is found to have an even number of band inversions at Γ as well as at X point and again becomes topologically trivial under a hydrostatic pressure of ∽23 GPa, which is reported as the transition pressure for its structural phase transition from NaCl-type to CsCl-type structure.
II. COMPUTATIONAL DETAILS
The electronic structure calculations are performed using first principle approach within the framework of Density Functional Theory (DFT) as implemented in Vienna ab-initio simulation package (VASP) [74] . The Perdew-Burke-Ernzerhof (PBE) [75] type functional with generalized gradient approximation (GGA) [76] and HSE06 functionals [77, 78] are used to include exchangecorrelations with electron-ion interactions as in projected augmented wave (PAW) formalism [79] . Since GGA underestimates the band gap and overestimates the band inversion, that's why HSE06 functionals are preferred over GGA. The kinetic energy cut-off of 300 eV is used for theoretical band structure calculations with the inclusion of relativistic effects. The system is relaxed until a force on each atom in the unit cell is less than 0.001 eV.Å −1 . k-mesh of size 9×9×9 is used in the Monkhorst-Pack formalism for Brillouin zone (BZ) sampling of the primitive cell of rocksalt crystal structure. The hydrostatic pressure is applied in the range of 0-26 GPa, and the system is simulated by performing variable cell relaxation at different applied pressures. The stability of the system under various pressures is confirmed by performing phononic band structure calculations using PHONOPY code [80] . After obtaining the equilibrium crystal structures at different pressures, band structure calculations are performed including the effect of spin-orbit-coupling (SOC). The topological Z 2 -invariant is calculated by finding the parities of all the filled states at eight-time reversal invariant momenta (TRIM) points in the BZ as suggested by Kane and Mele [81, 82] .
III. RESULTS AND DISCUSSION
To study the effect of pressure on the electronic structure of YSb, firstly we have performed band structure calculations at ambient pressure. YSb is found to have rocksalt structure [ Figure 1 ] having space group Fm3m (#225) at ambient pressure with Sb atom at the origin (0,0,0) and Y atom at (1/2,1/2,1/2). The optimized lattice constant for YSb is 6.20, which is in agreement with the previous studies [83] .
We have investigated the band structures of YSb using GGA and HSE06 functionals along high symmetry directions in the BZ, i.e., L to Γ, Γ to X, and X to W, with including the SOC effect and only the bands around the Fermi level are shown in Figure 2 . It can be seen from the Figure 2 that there is an overlap between valence and conduction bands of YSb for both band structures calculated using GGA as well as HSE06 functionals, indicating that YSb is a semimetal, which is in agreement with the previous experimental and theoretical reports [83] . However, from GGA, valence band maximum and conduction band minimum are found to have a negligible gap of 0.088 eV and 0.098 eV at Γ and X point, respectively. Meanwhile, there is a significant gap of 0.747 eV and 0.493 eV between valence band maximum and conduction band minimum at Γ and X point, respectively in the band structures calculated from HSE06 functionals. It clearly shows that GGA underestimates the band gap. It can also be seen that valence band maximum have a contribution from the p-orbitals of the Sb atom as shown by blue spheres and conduction band minimum have a contribution from the d -orbitals of Y atom as shown by red spheres in Figure 2 . Further, no band inversion is found in both the band structures calculated from GGA and HSE06 functionals, indicating that YSb is topologically trivial at ambient pressure, which is in agreement with other experimental reports [83] .
It is well known that electronic structures of materials can be effectively tuned under hydrostatic pressure. To investigate the effect of hydrostatic pressure on the electronic structure of YSb, we have calculated its band structure under pressures of 1 to 26 GPa using HSE06 functionals with SOC effect. To confirm the stability of YSb under different pressures, we have calculated the phonon dispersion spectrum of YSb under different pressures and is shown in the supplementary information. It is found that YSb is dynamically stable with all positive frequencies under different applied pressures from 1 to 26 GPa, which shows that it can be experimentally realized.
Band structure plots for YSb at ∽11 GPa, ∽12 GPa, and ∽23 GPa are shown in Figure 3(a), 3(b) , and 3(c) respectively. It is to be noted that with an increase in pressure, band gap first decreases at Γ as well as at X point, then becomes zero and then again increases. It is also found that there is no band inversion at any time reversal invariant momenta (TRIM) point from 1 to ∽11 GPa (inset in Fig. 3(a) ), but from ∽12 GPa to ∽23 GPa, there is band inversion at X point (inset in Figure 3(b) ), and at ∽23 GPa we observed an even number of band inversions at Γ as well as at X point (Fig 3(c) ), which is reported as the transition pressure for its structural phase transition from NaCl-type to CsCl-type crystal structure [84, 85] . It can be seen from the Figure 3 (a) that valence band near the Fermi level mainly have a contribution from p-orbitals of Sb atom and conduction band mainly consists of d -orbitals of Y atom at high symmetry X point. At pressure ∽12 GPa, valence band maximum at X point also have a contribution from d -orbitals of Y-atom and conduction band minimum also have a contribution from p-orbitals of Sb-atom, i.e., band inversion takes place (inset in Fig 3(b) ). With further increase in pressure (∽23 GPa), there is an even number of band inversions at Γ as well as at X point (Fig 3(c) ).
To further verify the topological property of YSb under pressure, we have calculated its Z 2 topological invariants. In three dimensions, the topological insulator has four Z 2 invariants (ν 0 :ν 1 ,ν 2 ,ν 3 ), and the value of first Z 2 topological invariant (ν 0 = 0 or 1) indicates that whether a material is a strong or weak topological insulator [81] . For the system having both time reversal and space-inversion symmetries, their Z 2 invariant can be calculated from the parities of all the filled states at all TRIM points [82] . In three dimensions, we have eight TRIM points for the system having time-reversal and space-inversion symmetries [82] . Here, we have calculated the value of first Z 2 topological invariant (ν 0 ) as a function of pressure as shown in Figure 4 .
As there is no band inversion at 11 GPa or below at any TRIM point, so its first Z 2 topological invariant (ν 0 ) is 0, making it a topologically trivial semi-metal. However, there is band inversion at X point at ∽12 GPa and ν 0 changes to 1, indicating that topological quantum phase transition (TQPT) takes place and it becomes topologically non-trivial. With further increase in pressure ∽23 GPa, we observed even no. of band inversions at Γ as well as at X point, and ν 0 changes from 1 to 0, indicating that it again becomes topologically trivial, which is reported as the transition pressure (P T ) for its structural phase transition in theory as well as in experiments. Further, YSb is reported to undergo a structural phase transition (SPT) at ∽26 GPa [84, 85] , where it again found to be topologically trivial (Figure 4) . The detailed parities of all the filled bands for all eight TRIM points in the BZ before TQPT, after TQPT and at SPT are shown in Table I . From the detailed parity analysis, it is clear that band inversion at X point near the Fermi level at ∽12 GPa leads to a topological phase transition in YSb. It is to be noted that there is a topological quantum phase transition (TQPT) before the structural phase transition (SPT) in NaCl-type YSb crystal structure under hydrostatic pressure.
The above results demonstrated that multiple topological phases can be realized in the same material with increasing pressure and can be observed experimentally by performing Berry phase measurement. Further, the topological phase transition in YSb under hydrostatic pressure provides another platform for experimentalists to study the role of topology in XMR effect.
IV. CONCLUSIONS
From first principle calculations, it is demonstrated that XMR material YSb undergoes a topological phase transition without breaking any symmetry under hydrostatic pressure. It is also observed that material undergoes a topological quantum phase transition before the structural phase transition. This study enables experimentalists to search for the topological phase in YSb under hydrostatic pressure and may help in understanding the role of topology on XMR effect in magnetotransport experiments. The study may also encourage theoreticians to search for other materials having such topological phase transitions.
